useful term will be used in this review. Although on a global scale the conductivity may be treated as a function of radius only, on a more local scale, near and on the surface of the earth, great variations in conductivity may occur over relatively short distances. Such a variation of conductivity is encountered between oceans and continents. Anomalies in conductivity not associated with coastlines may also occur.
Correlations between the components of the variation field and spatial changes, particularly in the vertical component, have been known for some time from the work of Bartels [1954] , Wiese [1962] , Schmucker [1959] , and others in Europe.
A number of reviews [Schmucker, 1970b; Gough, 1973b; Hutton, 1976 ] of various aspects of this subject have appeared. A review of theoretical models for electromagnetic induction in the ocean has been given by Ashour [1973] , and a review of techniques and instrumentation for the study of electromagnetic induction itt sea by Filloux [1973] . Also, Bullard and Parker [1970] , Vacquier [1972] , Cox et al. [1970] , Hobbs [1975] , and Larsen [1973] have discussed the coast effect as well as other phenomena.
THE COAST EFFECT
The geomagnetic field, as recorded at a fixed location, is a complicated function of time. In the period spectrum between a few minutes and a few days, several phenomena occur. The most persistent is the diurnal variation, which produces a sharp line spectrum of 24-hour period, and its low-order harmonics. A more irregular phenomenon is the occurrence of magnetic storms. These are more or less isolated events that have two main features. The first is a large decrease in the magnetic north component of a few hours duration, followed by a recovery to the prestorm value in a few days. Simultaneous with the decrease of the magnetic north component is the second feature of the storm, which consists of erratic fluctuations with a wide period spectrum. Finally, there are isolated excursions from the normal value which typically last from 10 rain to 2 hours. These have often been called 'bays,' but now are more often referred to as 'substorms' [Rostoker, 1972] . The coast effect is more noticeable in substorms and the erratic part of magnetic storms, though the other variations are influenced by coastlines as well. Even the storm field Dst gives rise to an appreciable coast effect [Fainberg, 1978] . The time variations of the magnetic field are due to electric currents flowing in the ionosphere or magnetosphere. The magnetic field produced by such currents is referred to as the 'primary field.' These varying primary fields generate electric fields, and since the earth has a nonzero conductivity, eddy currents flow in response to such electric fields. The eddy currents in turn generate a magnetic field which is called the 'secondary field.' Near its surface the earth has a complicated spatial distribution of conductivity which makes this secondary field a complicated function of position. In general, for an observation far inland, and far from concentrations of primary current in the ionosphere, the vertical component of the variation field is much smaller than the horizontal components. That is, the vectors representing AB, the variation field, tend to lie close to a horizontal plane. This is not principally a feature of the primary field but occurs because the upper surface of the conductosphere is nearly horizontal. On approaching a coastline the variation vectors still tend to lie close to a plane, but this plane is no longer horizontal and tilts upward toward the deep ocean. This is the coast effect. The general absence of coast effects is confirmed by magnetotelluric work in the Irish Sea [Jain and Wilson, 1967] , where a rather low conductivity was found. Osemeikhian and Everett [1968] found no definite coast effect at Malin Head (on the north coast of Ireland).
h. Mediterranean
A significant observation is that there is no coast effect on the shore of the Mediterranean Sea just north of the Pyrenees [Babour et al., 1976] . This suggests that the Mediterranean is not large enough to support extensive eddy currents. However, channeling of current through the Strait of Bonifacio is indicated by a strong northerly induction arrow at Maddalena and (by indirect deduction) a southward arrow at Pertuzato [Giorgi and Yokoyama, 1967] . This is a short-period phenomenon for which the amplitude at 40-min period is only half of that at 10 min (see Figure 4c ). LeBorgne and LeMouel [1975] have found evidence of channeling near the Strait of Gibraltar, but they believe that the current flow is through northern Morocco rather than through the strait itself.
There is a strong positive correlation between Z and H at Ponza Island (near Naples) and nearby sites on the SW coast of Italy [Simeon and $posito, 1963] . This is also a short-period phenomenon and is almost certainly a local anomaly. No coast effect is found near Genoa.
An interesting phenomenon has been reported by Babour and Mosnier [1973] . The horizontal components of the variation field were measured at two sites 50 km apart near the coast of Brittany. The difference was found to be very sharply polarized and confined to a direction perpendicular to the coast. They conclude that the seawater cannot be the source of the effect and ascribe it to a comparatively highly con- A definite coast effect ('island effect') has been observed on several islands. Induction arrows tend to point away from the island toward the sea. When the superimposed effect of the Japan anomaly is removed, this pattern has been found at Ooshima [Sasai, 1968] and Hachijo-Jima [Honkura, 1974] . In various places on Oahu, different phases are found for the Z component of $q, the effect increasing with frequency to a complete reversal at a period of I hour [Mason, 1963] 
CALCULATIONS OF THE INDUCTION EFFECT OF SEAWATER
Whether induction in seawater is the principal cause of the coast effect or not, it is important to be able to evaluate its influence. If it can be sufficiently well evaluated, then its effect can be subtracted from observations to give information about other sources of the induced field. Therefore a great deal of effort has gone into calculating the induction effect of the oceans. Three approaches to the problem have been tried: exact analytical solutions of simple conductivity distributions, iterative methods applied to a realistic model representing ocean conductivity, and local induction problems (flat earth approximations) solved by numerical operations over a grid of mesh points. a.
Global Calculations
Analytical solutions to induction in thin plates forming part of a sphere have been investigated mainly by Ashour [1971a Ashour [ , b, 1973 . Unless the model is kept reasonably simple, analytical calculation is impossible. On the other hand the model must be sufficiently realistic to be useful when it is applied to the real earth. The compromise used by Ashour [1971b] charges that result when current flows across isoconductivity surfaces [Price, 1964] . The symmetric case is still valid, but the asymmetric case requires modification [Ashour, 1974] . Rikitake [1961a] also tackled the problem of a hemispherical ocean. He considered a conductosphere of finite conductivity as well as a primary field and frequency appropriate to the diurnal variation. His conclusion was that only negligibly small vertical components could be produced by a hemispherical ocean.
The basis of the iterative methods was laid by Price [1949] , who showed that given an approximation to the current function, a better approximation can be obtained by one of two iteration methods. The convergence of the methods depends The local induction problem is studied by using a model of a semi-infinite conductor with a plane boundary. Price [1950] presented a general theory for electromagnetic induction in a plane earth by any inducing field. Since that time, much work has been done on plane earth problems. Both analytic and numerical methods have been used.
The first work in which the continent-ocean edge effect seems to have been studied explicitly was that by Weaver [1963] . Weaver's two-dimensional model was that of a semiinfinite conductor with a plane boundary consisting of two quarter spaces of different finite conductivity. In two-dimensional models of this kind, two separate types of solutions are encountered, and these are sometimes termed the H and E polarization cases, depending on whether the magnetic or electric field is parallel to the direction along which the model extends uniformly. Weaver considered both the H polarization and E polarization cases analytically. In the E polarization case it was necessary for him to use an approximate boundary condition requiring the horizontal magnetic field at the sur- A more complicated model was studied by Lines et al. [1973] . It included lateral inhomogeneous structures at depth, which could correspond to variations in structure between oceanic and continental mantle. They undertook calculations for three models: (1) only ocean-continent structure, (2) only mantle-crust structure, and (3) ocean-mantle-crust structure. Of primary interest in the work was the comparison between models 1 and 3. From the results it was apparent that especially at longer periods the mantle discontinuities strongly affect the surface fields. A similar effect has been emphasized by Ranganayaki and Madden [1978] . For the model and frequencies studied, the coastal anomaly at longer period was strongly attenuated by the variation in mantle structure. It is apparent that for such a model a strong mutual coupling between oceanic and mantle currents exists and the net result is a decrease in the effect of the ocean alone. Although one can, for this particular set of models, separate the ocean and mantle effects, it is difIicult to draw general conclusions relating to ac- 
EXPERIMENTAL MODELS
The solution of problems in electromagnetic induction by scale models is common in applied geophysics [Strangway, 1966] . A necessary condition of the scaling is that the magnetic Reynolds number t•oL2/t be preserved. It is also necessary that the ratios of both o and/• separately (not just the product) between media be the same for the model as for the earth. Some effort has been made to apply these techniques to the seawater induction problem. Several models have used the flat earth approximation. This is legitimate if only local induction is involved, but when the importance of induction far from the site being studied is not known, such models are open to question.
a. Global Models
Global models have some disadvantages. To be accommodated in a laboratory, they must be of the order of 1-m diameter, which involves a reduction in linear dimensions of the order of 107 . This makes it difficult to duplicate fine detail or shallow water. The advantage of global models is that the problems of return current loops and end effects are eliminated. Also, complicated source fields can be used. Nagata et al. The ratio of frequencies is chosen to preserve the magnetic Reynolds number. The source field is duplicated by a wire coil wound onto a hemispherical frame in the form of the current flow lines suggested by Silsbee and Vestine [1942] . This can be placed over any hemisphere of the terrella. As it is rotated about the pole the horizontal field at a fixed point assumes various orientations. By measuring the ratio of vertical to horizontal fields with small search coils it is possible to determine the transfer functions A and B.
The transfer functions indicated by the terrella for Kakioka, Valentia, and the coast of California are quite different from those observed at the actual sites. The influence of the ocean water seems to be almost negligible at these positions on the terrella. However, at several southern hemisphere sites the coast effect is quite well duplicated. This appears to be because the auroral electrojet part of the source field (where the primary vertical field is strongest) is over an ocean in the southern hemisphere and over land in the northern hemisphere. In fact, if the primary field coil is moved equatorward, so that the auroral electrojet is over the northern Pacific, the current density and vertical field near the coast of California increase greatly, as is shown in Figure 2 .
Another interesting observation made with the terrella is that the transfer functions at Carnarvon and Brisbane (on the west coast and east coast of Australia, respectively) depend quite strongly on the conductance of the connection between the Indian and Pacific oceans north of Australia. This is shown in Figure 3 . These experiments indicate that (1) although the ocean water (treated as an insulated conductor) can influence the field considerably, it alone does not explain the observed coast effect and (2) when only insulated oceans are considered, the magnitude of the vertical component near a coastline is not controlled by the local horizontal field but rather by distant vertical fields.
It should be emphasized that although the ocean water was accurately modeled on the terrella and the primary field was probably reasonably close to that which occurs in nature (but see, for instance, Bannister and Gough [1978] on the primary field), the absence of a finite conductivity layer under and in contact with the oceans changes the whole nature of the model. Induction by local horizontal fields, which is inhibited on the terrella, may take place. In fact, the indications given by the terrella that induction by distant sources is important constitutes perhaps the strongest argument against an insulated oceanic layer as the site of the eddy currents responsible for the coast effect.
b. Local Models
Analytical and numerical solutions of local induction problems have been discussed in section 4b. Analogue modeling is another approach which has the advantage that it is not re- stricted to greatly simplified models but can be used to study • complicated two-and three-dimensional problems. It is perhaps the most potentially productive means of studying local coast effect problems and has been used to good effect by Dosso and his colleagues as well as others. In a review paper of such studies of the coast effect, Dosso [1973] These examples, however, do not necessarily eliminate possibility 1. It is well known that at many inland locations, conductivity anomalies cause the vertical component to be large [e.g., Gough, 1973a] , and sites such as southern Peru may be where the normal coast effect is interfered with by deep conductivity anomalies. This is particularly likely in tectonically active areas such as Peru and Japan.
Calculations of Ashour [1971b] as well as model experiments of Roden [1964] indicate that possibility 1 is capable of generating a su•ciently large Z/H. However, both of these tend to exaggerate the induced currents because of the abnormally high vertical component of the primary field. The terreHa experiments (see section 5a) indicate only a weak influence of seawater in the northern hemisphere. It is hard to reconcile these results with possibility 1. Furthermore, the terreHa indicates that local induction is unimportant in 1 and that eddy currents in the oceans in temperate latitudes are largely in the nature of channeled currents generated at higher latitudes. This is inconsistent with the high correlation If the eddy currents causing the coast effect flow exclusively in the ocean water, they can give rise only to a vertical field except very near the coast [Bullard, 1967] . Currents flowing at depth should cause an anomalous horizontal field perpendicular to the coast and in the same sense as that component of the primary field. Not many array studies have ineluded a continental coastline. Perhaps the one most likely to show this effect is the array survey of Bennett and Liiley [1972] . This indicates very little change in the horizontal component across the array, which argues for a shallow location for the eddy currents.
The period spectra of most coastal sites are fairly flat over the period range normally observed (see Figure 4) . However, the maximum value of the transfer function Z/H appears to be at a period of about 30 min. Rokityansky [1975b] applied a transform similar to the Kertz operator to a two-dime•ional model containing an anomalous conductor. He derived a relation between the peak of the period spectrum and the product of the cross section and conductivity of the anomalous con-ductor. Applying this to the GCE he concluded that the ocean (i.e., primary field parallel to the axis) , the vertical fiqld is is sufficiently deep to explain the period spectrum and that about 0.9Ho, and the horizontal field equal to 1.06Ho (B. A. mantle conductivity, such as possibility 3 above, would result Hobbs, personal communication, 1978) . When the primary in a period spectrum with a peak at much longer periods.
field is horizontal and toward the east, the vertical field is The peak of the period spectrum for the sites of Figure 4c is zero, and the horizontal field is about 1.3Ho The global studies summarized in section I are mainly based on data from continental sites, so these results can be considered to represent continental conditions. A feature of all models suggested to explain these data is that they contain a low-conductivity zone extending either from the surface or immediately below a surface conducting layer to a depth of some hundreds of kilometers. In spite of the abundance of continental data a rather wide range of models has been suggested [Banks, 1972; Parker, 1970] . Unfortunately, many of the observatories supplying the data are affected by the coast effect. The inclusion of these observatories may have exactly the opposite effect to that which might be expected. The conductivity distribution is based on the complex ratio of vertical to horizontal components of diurnal variation fields. Stations near coastlines will have greater vertical components, not because the conductosphere is deeper but because it is not horizontal or, alternatively, because of the influence of seawater. A greater average vertical,field results, and this indicates a depth to the conductosphere greater than the actual depth. This can be minimized either by basing the calculations only on very long period variations [Banks, 1972] or by making use of magnetotelluric observations in regions far from the coast. Magnetotelluric results suggest a shallower depth to the conductosphere than do magnetic results [Niblett, 1967] . Estimates of the conductivity structure beneath the oceans are based on a much smaller amount of data. Cox [1978] pointed out that vertical flow of current through the ocean floor is important ff the suboceanic conductivity is more than a critical value and suggested that this critical value depends on the width of a 'boundary layer' at the edge of the ocean in which current flow is controlled by electrostatic charges on the coastline. Experiments with the terrella indicate a boundary layer of the order of 500 km wide, corresponding to a critical value of about 10 -2 mho m -l. The suboceanic conductivity may well be above this critical value. If this is so, then the fundamental nature of the problem changes. Vertical current loops and induction by horizontal fields become possible. According to Bailey [1977] , half of the current in the oceans could flow in the top 250 km of the suboceanic mantle (assuming a conductivity of 0.01 mho m-l).
There is strong evidence for the vertical flow of induced currents in some places; for instance, the channeled current along the Gulf of California [White, 19734] The question of whether the coast effect is nearer to the model of local induction or channeling has not been settled. All two-dimensional models tacitly assume local induction [Gough, 1973a] The terrella experiments show that if the model of insulated oceans as the course of induced currents (possibility 1 of section 6a) is maintained, the coast effect must be caused by some form of channeling in which the presence of the continents has a major effect on the whole current flow in the oceans.
g. Island Effects
An early investigation [Parkinson, 1962b] indicated that stations on islands behave quite erratically regarding the coast effect. More detailed studies [Klein, 1975; Mason, 1963; Elvers et al., 1965] showed that the effect depends on the location of the station on the island. This suggested a sensitivity to fine details of the coastline that does not appear at many stations on the coasts of continents. The explanation of the strong coast effect even on small islands is tied up with the question of local and distant induction. In the case of small islands it seems certain that the effect that we see has its cause far away. The problem is that of an almost uniform current sheet being perturbed by the low conductivity of the island [Price, 1964] Considering all the evidence available at present, the opinion of the authors is that the most likely cause of the coast effect is induction in large vertical loops involving the ocean water, the oceanic lithosphere, and possibly the conductosphere, i.e., possibility 2 of section 6a. Because of its higher conductivity the ocean water has a controlling influence on the form of current flow at sea level. This explains the high correlation of vertical field near the coastlines with the direction of the local horizontal field and the tight control exercised by the shape of coastlines on the direction of the induction arrows. It also explains why two-dimensional modeling has, in general, been successful in explaining observations.
Exceptions to the normal coast effect occur where the normal current flow is severely interfered with by abnormal underground conductivity, generally by abnormally high conductivity under the adjacent continent.
TECTONIC IMPLICATIONS
Conductivity in earth materials is controlled by three parameters: water content, temperature, and partial melting. Which of these three parameters is most important depends partly on depth. Electromagnetic observations often have poor depth resolution, which makes it difficult to distinguish between the three mechanisms. However, frequency dependence gives some information [Rokityansky, 1975b] .
Shallow upper crustal anomalies are obviously controlled by the greater water content of more porous rocks. Hyndrnan and Hyndrnan [1968] stressed the importance of water in the lower crust also. They pointed out that at crustal depths, semiconductor conductivity is unimportant and partial melting of granitic material changes the conductivity only slightly.
Changes in conductivity are associated with the dilatancy that often occurs before rupture of rocks. Changes in transfer functions have therefore been used as predictors of earthquakes. The subject has been reviewed by Rikitake [ 1976] and by Niblett and Honkura [1978] .
The relation between conductivity and temperature in semiconductor material (such as the mantle) is given [Tozer, 1959] by i where T is the absolute temperature and oi and Ti are constants, depending on the material. An interpretation of conductivity anomalies in terms of heat flow and mantle temperature has been given by Uyeda and Rikitake [1970] . They associate low AZ anomalies with high heat flow and direc-tional anomalies, such as the GCE, with sloping isothermal surfaces.
Chan et al. [1973] have investigated the process of increased conductivity caused by partial melting. They consider that this mechanism can cause a greater increase in conductivity than can temperature alone. This might make conductivity critically sensitive to pressure in certain temperature ranges.
The GCE is consistent with the well-known idea that isotherms are shallower under the oceans than under the continents [Mercier and Carter, 1975] . $ugimura and Uyeda [1973] suggested that at island arcs, isotherms are shallower under the continent than under the ocean. If this is the case, and temperature is the controlling factor on conductivity, there should be a decreased, or even a reversed, GCE at island arcs. This is rarely observed but may explain the situation in Peru.
Little is known of the conductivity structure beneath ocean ridges. Observations on Iceland indicate a 5-km-thick good conductor (0.07 mho m -l) sloping downward from the spreading axis to a depth of 20 km [Beblo, 1978] The rate at which the GCE decreases inland appears to be connected with the geology of the adjacent continent [Cochrane and Hyndman, 1970 ]. An example of one extreme is the mobile belt of western Canada, where the GCE persists for only a short distance inland. The lower crust there is thought to be hydrated [Caner, 1970] . The other extreme is the shield of western Australia, where the GCE persists far inland and magnetotelluric results indicate low conductivity throughout the crust and upper mantle [Everett and Hyndman, 1967b] .
Perhaps the most interesting regions are those at which the almost ubiquitous GCE is absent or abnormal. Gough [1973b] has discussed the situation in southern Peru and Japan. The presence of an inland subduction zone in Peru is undoubtedly associated with the absence of a normal GCE there. However, a complete explanation must include the reason that the GCE is normal on the coast of Chile [Aldrich, 1972] , where there is also a subduction zone. The situation in Japan is much more complicated, with possibly three subduction slabs involved. The explanation of the Japanese anomaly probably involves a wedge-shaped insulator [Rikitake and Honkura, 1973] . A subduction zone may be responsible for the high transfer function at Dili (Timor) [Chamalaun and White, 1975] , but observations in this region are still scarce. The absence of a GCE at Sable Island appears to be due to a shallow conductor of saturated porous rock in the crust [$. P. $rivastava and A. .
The GCE might be diagnostic of tectonic conditions if, first, its cause in terms of conductivity distributions and, second, the mechanism of abnormal conductivity were unambiguously known. At present, neither of these is the case. However, like other electromagnetic induction studies, it can indicate regions of abnormal physical properties and can contribute to multitechnique studies.
